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Introduction: Helicon Thruster 

• Helicon waves generated with helical RF antennas 
– Frequency 13.56 MHz (or a harmonic/sub-harmonic) 

• Antenna current induces time varying magnetic field 
– Resulting in curling electric field according to Maxwell’s equations 

• Electric field accelerates free electrons until ionization energy 
reached 

• Critical density of electrons occurs causing plasma ignition from 
electron avalanche1 
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where f  is the frequency in MHz. Equation (3.6) provides the necessary wavelength in order to 

design an antenna. In this case, a single turn helical antenna was constructed. Assuming a 50eV 

ionization potential for Argon and a frequency of 13.56MHz the antenna’s wavelength was 

about 30cm. Equation (3.6) and Table 3.1: Approximate tube diameters as a function of  provide 

only an estimate to determine how frequency varies with appropriate tube diameter. In future 

work, it would be interesting to observe how frequency affects the performance of a thruster. 

3.2 Antenna Design  

The antenna is another component of the thruster that is crucial for electromagnetic waves to 

propagate in the confined magnetized plasma. The antenna used was a single turn helix, due to 

its superior coupling characteristics. A helical antenna is more efficient in propagating a wave 

downstream since it is matched to the naturally dominant m=1 mode. Figure (3.1) shows an 

image of the antenna.  

 
Figure 3.1 Single Turn Helix Antenna with bus connectors 

 

The leads of the antenna were connected to a feedthrough (not shown) to deliver the power to 

support the plasma. The antenna’s internal resistance must be calculated to determine whether 

or not it will draw significant power compared to the plasma. By “unfolding” the antenna 

[assuming it was a straight bar] it was easier to calculate the impedance. The impedance consists 

of a real and imaginary part. The real part is called the resistance and the imaginary part is 

Single turn, half-wavelength helical RF antenna for helicon 
plasma generation.  Photo courtesy M. DeMaio5. 

SPPL Helicon thruster operating at 300W RF and axial field 
strength approximately 200 G . Photo courtesy A.J. Faust. 



Introduction: Helicon Thruster 

• Requires an externally applied, axial magnetic field to2: 

– Support the propagation of the helicon wave 

– Improve plasma confinement 

– Support the formation of the naturally occurring acceleration mechanism3 

• Magnetic field strength directly determines the plasma density4 

–  Little evidence that it contributes to ion acceleration5 

• Depending on power input, thruster operates at three coupling modes6 

– Capacitive 

– Inductive 

– Helicon 

Quartz tube 

Pyrex tube 
Helmholtz Coil Magnets 
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Magnetic Field Lines 
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SPPL Helicon Schematic. Photo courtesy A.J. Faust. 



Introduction: SHT - Motivation 

• Largest power sink occurs at the plasma boundary across plasma sheath7 

• Impose two conditions on the magnetic field: 

– Axial uniformity to support helicon wave propagation 

– Convergence upstream to improve plasma confinement 

• Superconductors to manipulate magnetic field via Meissner effect 

• Straight forward with low temperature type-I superconductor 

– Exhibit perfect diamagnetism and completely expel magnetic flux (+) 

– Lower temperature impractical due to cooling system requirements (-) 

• High temperature type-II superconductors (HTS) 

– Can be cooled with liquid nitrogen (+) 

– Allows partial penetration of magnetic flux due to mixed/vortex state8 (-) 

• Impose two conditions on thermal management subsystem: 

– Maintain cryogenic temperatures for HTS in closed loop system 

– Intercept heat generated by plasma and radiate away 



Introduction: SHT – Previous 
Designs 

“Concept Car” 

• Superconductor capped by permanent disk magnet 

Cons: 
• Magnetic flux locked in by 

superconductor (Type-II) 

• Disc magnet eliminates gas inlet 

Pros: 
• Generates correct shape 

• Simplistic design 
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II. Preliminary Research 

An efficiency analysis has been performed to determine the potential propulsive efficiency benefits a 

superconducting magnet system may have over conventional electromagnet and permanent magnet helicon 

thrusters
12

.  This study has shown not only an increase in efficiency in the superconducting helicon thruster case, but 

also indicates that a significant increase in efficiency is possible when reducing the power lost to the upstream 

sheath.  This corresponds to previous findings by Chen
13

, who has suggested that modification of the magnetic field 

topology from a permanent magnet could minimize one of the biggest power sinks in the helicon thruster, the loss of 

power to the plasma sheath along the tube boundaries as addressed by Fruchtman
14,15

.  It is hypothesized that 

enhanced plasma confinement via an upstream magnetic mirror can reduce the aforementioned power draws.  This 

results in a maximum efficiency that is competitive with propulsive efficiencies of many conventional electric 

propulsion devices.  The findings from these studies have driven the design towards incorporating a magnetic mirror 

upstream of the system to aid in plasma confinement. 

Wilson
16

 has experimentally and computationally 

quantified the impact of a high temperature 

superconducting (HTS) tube on the magnetic field of a 

permanent magnet.  His research has shown supporting 

evidence for the efficacy of this approach.  Since HTS’s 

exhibit a mixed state and lock in magnetic flux that 

penetrates the material while above its critical temperature, 

a ferromagnetic sleeve and rod was used to keep the flux 

out of the superconducting tube until the system was 

cooled below the critical temperature, 107 K. Once the 

critical temperature is reached, the ferromagnetic rod was 

removed from the center of the tube.  In addition to this 

impracticality, the design called for a superconducting tube 

capped on one end by a permanent disk magnet.  This does 

not allow the ability to place a plasma containing quartz 

tube along the axis without resorting to a ring magnet.  

Moving forward, the superconducting magnet concept was 

redesigned considering more practical applications and the 

direct integration with an existing helicon thruster setup. 

III. Superconducting Magnet Design 

It has been proposed that modifying the magnetic field topology through the use of a magnetic mirror could 

potentially eliminate the larger power sinks occurring within the system, thus improving the efficiency of the helicon 

thruster. The superconducting magnet system must provide both a uniform axial magnetic field and also a 

converging structure upstream to create the mirroring effect.  Initially, the design called for a superconducting tube 

 

Figure 1. Superconducting helicon magnet system.  The annular quartz tube is pictured in blue with a string 

of permanent magnets resting along its axis.  The superconductor is shown in dark gray contained within the 

housing shown in light gray.  The brown shaded region represents the location of the helical antenna. 

 

Figure 2. COMSOL simulation of magnetic field 

lines from a string of discrete permanent disk 

magnets placed along the axis of the 

superconducting tube and upstream along its 

length. 

Introduction: SHT – Previous 
Designs 

“2nd Gen” 

• Annular tube with retractable permanent magnet core 

Cons: 
• Annular design increases power loss 

area 

• Does not provide uniform field within 

and downstream of antenna 

• Requires actuation of permanent 

magnet string 

Pros: 
• Eliminates lock-in problem 

• Allows for gas inlet 



Introduction: SHT – Previous 
Designs 



SHT: Superconducting Magnet 
Subsystem 

• Magnetic field from permanent magnet and solenoid combination 

• Solenoid is used to generate an axially uniform magnetic field 

• Upstream convergence produced with a permanent ring magnet 

• Liquid nitrogen pumped into the annulus of aluminum housing 

• Solenoid powered off once the critical temperature of HTS is reached 

• Current induced in the superconductor according to Lenz’s Law 

SHT Schematic in COMSOL MultiPhysics. Superconductor housing and solenoid. 



SHT: Superconducting Magnet 
Subsystem 

• Magnitude of induced current in solenoid is nI 

• Assume superconductor acts as a solenoid itself with equal length, L 

• Axial magnetic field strength identical to that of solenoid (Ampere’s Law) 

 

 

 

 

• Induced current (nI) maintains magnetic field without continuous power 

• Tested with smaller (0.85” ID) superconductor and Helmholtz coil 

• Coil produced 65 G ± 4 G and was maintained by solenoid 

• Modeled magnet subsystem in COMSOL MultiPhysics 

• Hardware currently in development for comparison with model 

B=
m0nI

L

B: Axial Magnetic Field Strength (G) 

 μ0: Permeability of Free Space 

n: Number of Solenoid Turns 

I: Current through Solenoid (A) 

L: Solenoid Length (m) 



SHT: Superconducting Magnet 
Subsystem 

Computation Results: T > TC 

• Magnet mirror configuration observed upstream 
• Field is not uniform axially due to permanent ring magnet 



SHT: Superconducting Magnet 
Subsystem 

Computation Results: T < TC 

• Magnet mirror configuration maintained and larger in magnitude 

• Axial magnetic field has become more uniform 



SHT: Thermal Management 
Subsystem 

• Power generated by plasma must be intercepted and radiated away to 
maintain cryogenic temperatures in closed-loop system 

 

 

 

• Calculate radiative heat flux to each wall then conducted power to lateral wall 

• Assume no conducted power upstream due to confinement 
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L = 40 cm 
R = 2.5 cm 
Te = 5 eV 

• Integrate over area 
• PBW = 0.32 W 
• PLW = 50 W 
• Pcond = 3.9 kW 
• Ptot ~ 4 kW 

 



SHT: Thermal Management 
Subsystem 

• Utilize three insulating layers between quartz and superconductor housing 

• Conformal copper layer to intercept power to walls 

• Kapton layer to electrically insulate power leads to antenna 

• Delrin layer to thermally insulate housing (maintain cryogenic temperatures) 

• Conformal copper layer attached to copper disk at exit plane to radiate heat 

• Can use excess heat to evaporate water in water vapor propellant applications 

• Use power source calculations to calculate heat transfer in system 

• MATLAB simulation using heat transfer equation 

• Determine appropriate layer thicknesses to properly insulate system 



SHT: Thermal Management 
Subsystem 

• Solve heat transfer equation in one dimension 
• Steady State 

• Quartz layer 
• Pcond = 3.9 kW 

• Copper layer 
• Prad = 100 W 

• Boundary Conditions: 
• T(r = ORAl) = 77 K 
• q(r = IRQu) = Pcond/Aqu = -k (dT/dr)|r=IR_Qu 

Quartz 
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Liquid nitrogen region maintains cryogenic temperatures. 



Conclusion & Future Work 

• A superconducting helicon plasma system is presented 

– Superconducting magnet subsystem satisfies magnetic field 
requirements 

– Thermal management subsystem to address heat 
transfer/insulation 

• Each subsystem will be constructed and compared with the 
computational models 

• Complete system will be integrated into helicon thruster setup 
at UMD SPPL 

– Compare with baseline helicon plasma thruster performance 
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